The photodarkening phenomena of amorphous Se have been studied by the optical absorption coefficient, sound velocity and attenuation measurements. The light illumination at low temperatures induces the photodarkening, and the photodarkened state is completely recovered by annealing near 306 K corresponding to the glass transition temperature. The photodarkening is enhanced by application of pressure. The sound velocity decreases and the sound attenuation increases by the illumination at low temperature. These suggest that a structural disorder increases in the photodarkened state. Three stages are observed for the recovery process of the photodarkened specimen. The photodarkening and the recovery process are discussed on the basis of VAP (valence alternative pair) model.
Introduction
Chalcogenide glass exhibits a red shift of the optical absorption edge under band gap illumination and the shift is recovered by annealing near the glass transition temperature T g . This reversible photodarkening phenomena in the chalcogenide glass have been extensively studied. However, the chalcogenides studied were mostly binary glasses, which made analysis of the data complicated [1] [2] [3] [4] . There are not so many papers for elemental chalcogens such as sulphur and selenium, which also exhibit the reversible photodarkening [5] [6] [7] [8] .
It is mainly because photoinduced changes in elemental chalcogens can only be realized at low temperatures and annealing the samples at room temperature results in complete recovery of their initial states.
Two of the outer p-electrons in Se are not used in bonding and these nonbonding lone pair (LP) orbitals form the highest filled valence band. The repulsive interaction between the filled LP orbitals in the neighboring chains plays an important role in changing the bonding configurations. The disordered atomic arrangements in the amorphous Se (a-Se) result in the localized band tail states. When electrons and holes are excited into extended band states, they are localized immediately into the band tail states before recombining. The localization of the charge gives rise to the change of local chain structures leaving the metastable defects. Recently, Kolobov et al. [7] have proposed from the observation of the electron spin resonance (ESR) signals for a-Se under illumination at low temperature that the photodarkening is caused by the photoinduced valence alternative pair (VAP) defects, either neutral or charged, which act as seeds for lattice distortion responsible for the photodarkening. If the photodarkening is induced by the creation of VAP defects, the photodarkened state is considered to be more disordered. It is known that the red shift upon light exposure is accompanied by a macroscopic volume change. Although the photoinduced threefold coordinated defects which bridge between adjacent chains may cause the interchain stacking, Hamanaka et al. reported that the reversible photoexpansion is observed for the photodarkened As 2 S 3 glass specimen [9] .
Since the interchain coupling is closely correlated with the photodarkening, the investigation of the photodarkening in a-Se under hydrostatic pressures serves for understanding of the microscopic mechanism of the reversible photodarkening. The decrease of the interchain distance by applying pressure causes a weakening of the covalent bonds through the hybridization of LP and antibonding (σ*) orbitals between adjacent chains and increment in the number of the photoinduced VAP defects. In 1984 Tsutsu et al. [10] found that the photodarkening in As 2 S 3 glass is enhanced under pressure, and Keiji Tanaka [8] reported that the photodarkening in As 2 S 3 monotonically increases with pressure, which was interpreted by the bond-twisting model.
In the present paper our results of the photodarkening and its recovery process by annealing at pressures of 0, 50 and 100 MPa are discussed on the basis of VAP model, and the bond dynamics in the photoinduced structural change is also discussed by analyzing the data for sound velocity and attenuation in the photodarkened specimens.
Experimental

Optical absorption
Thin films (1.1 ∼ 1.2 µm) of a-Se were deposited onto a sapphire window by conventional evaporation techniques in a 1 × 10 −4 Pa vacuum. The specimens' thickness was determined via the refractive index and the interference-fringe in the transparent regime. No annealing treatment of a-Se is necessary, since the glass temperature is just above room temperature. Fig. 1 shows an optical cell made of the maraging steel [11] which withstands up to 1.2 GPa at 77 K. The cell has two optical windows arranged in a straight geometry. The cylindrical synthetic sapphire windows with 10 mm thick and 12 mm in diameter were mounted on support plugs which have a hole with 6 mm in diameter. A hole on the bottom of the cell was used to introduce the pressurized helium gas. The high pressure seals were made using Bridgman's principle of unsupported area by means of indium gaskets. Pure helium gas was used as pressure transmitting medium and the pressure was measured using a Heise gauge.
The optical cell was in contact with liquid nitrogen tanks. Indium sheets were used for thermal coupling between the cell and the tanks. The temperature was measured by two copper-constantan thermocouples, which were in contact with the top and bottom of the cell. The cryostat was evacuated using a rotary pump. The optical transmission was measured with a spectrometer (Shimadzu UV365). The absorption coefficient α(ω) was calculated from the transmittance T by using the relation for an isolated single film
where d and R are the film thickness and reflectivity. The changes of d were not considered. A part of (1 − R) 2 was estimated by an extrapolation of an average of the fringe of transmittance in transparent region.
Band gap illumination was provided from a W-lamp with an infrared cutoff filter. The action spectra was obtained using monochromatic light from a Xe-lamp. The photodarkening is induced by light of which energy is larger than 2.05 eV, which is nearly the same with the results by Phillips [5] . It was confirmed that the illumination with white light of W-lamp causes the same effect with that with monochromatic light. It took about 12 hours for increasing temperature from 100 K to room temperature.
Sound velocity and attenuation
Selenium (of 99.999% purity) was deposited onto a polished 128
• -rotated-Ycut X-propagating LiNbO 3 piezoelectric plate (20 mm × 8 mm) to form the thin film of 10 mm × 5 mm. The thickness of the films was 1 µm, which is thin enough for the illuminated bandgap light to reach the bottom of the film.
A pair of inter-digital transducers (IDT) to generate and detect the surface acoustic wave (SAW) of 150 MHz was set on both sides of the amorphous film with the center-center distance of 15 mm [12] , as shown in Fig. 2 . Each IDT had 44 arms of 6.7 µm in width, 3 mm in length and 6.7 µm in distance from each other, and was made of aluminium with thickness of 100 µm by photolithographic lift-off technique. The SAW propagating between two transducers was measured. An r.f. pulse generator and receiver unit, MATEC MODEL 6000 with 960, was utilized for the measurements. The absolute value of the sound velocity was calculated from the time difference between the echo pulses, the film length, and the distance between the transducers. The pulse-echo-overlap method was adopted to detect the small magnitude of relative change in the velocity during the illumination. The attenuation of SAW was calculated from the relative intensity of the second echo pulse to the first echo pulse. It should be noted that SAW in this study propagates in the system consisting of two components, that is, the film and the substrate. The energy of SAW decays exponentially into the materials and is generally confined to within a few wavelengths of the surface. In our experiments, the wavelength of SAW was about 1 µm. Therefore, the detected velocity and attenuation of SAW are associated with the properties of the substrate as well as those of the film.
Results
Fig . 3 shows the optical absorption coefficients α of a-Se at the room temperature (RT, 285 K in this text) and 100 K before and after illumination at atmospheric pressure. The upper portion (α > 10 4 cm −1 ) of the absorption coefficient occurring at photon energies corresponding to the band gap energy E g is often well described by Tauc law
where hω is photon energy [13] . Such an empirical definition of E g is based on the observation for the majority of amorphous semiconductors. However, the quadratic energy dependence of α is not observed for a-Se but α for a-Se exhibits a linear energy dependence, which is believed to arise from a sharp rise in the density of states at the band edges, a possibility suggested by the one-dimensional nature of the chain-like structures. An alternative way to determine E g is to take the energy at which the absorption coefficient reaches some value (e.g. 2 × 10 4 cm −1 in this text) [14] . This gives 2.113 eV as E g for as-deposited a-Se at RT. As seen in Fig. 3 the absorption edge does shift in parallel and consequently its shape is modified little in the cooling-illuminatingannealing cycle, reflecting the shift of E g .
The optical gap E g shifts from 2.113 eV to 2.230 eV when the specimen is cooled down from RT to 100 K (1 → 2). Band gap illumination at 100 K induces a red shift of the absorption edge (photodarkening) by 82 meV (2 → 3).
On annealing E g changes to 2.105 eV (3 → 4). The insufficient recovery arises from the fact that for the annealing RT is slightly lower than T g . The above process is reversible in the cooling-illuminating-annealing cycle. Fig. 4 shows the change of the absorption edge at 100 MPa in the same cycle as that at the atmospheric pressure shown in Fig. 3 . The absorption edge shifts to lower energy side by applying pressure. At RT and 100 MPa, E g decreases by 13 meV (0 → 1). The shift of E g on cooling down to 100 K (1 → 2) is 120 meV, which is the same magnitude as on cooling at 0 MPa (cf. Fig. 3 ). The illumination causes the red shift by 95 meV (2 → 3), that is, E g of spe- cimens changes from 2.220 eV to 2.125 eV. It is noticed that the red shift at 100 MPa is larger compared with that at atmospheric pressure. The photoinduced shift fails to recover the initial stage 1 on annealing (3 → 4), which is associated with the rise of T g by applying pressure as described later.
In Fig. 5 the pressure variation of E g at RT is plotted. Pressure coefficient (∂E g /∂P) T is negative and estimated to be − 1.3 × 10 −10 (eV/Pa). The result by Ke. Tanaka for a-Se shows a value of − 1.9 × 10 −10 (eV/Pa) at α position of 5 × 10 3 cm −1 [8] . The decrease of E g for a-Se by applying pressure is in contrast with that for tetrahedral a-Si and Ge, where the application of pressure causes an increase in the optical gap [15] . The application of pressure is supposed to reduce the interchain distance rather than the intrachain distance, which affects non-bonding LP electron interactions. This has the effect of simply broadening the width of the LP bands. Fig. 6 shows the pressure variations of the photodarkening ∆E g (P) at 100 K. An increase in ∆E g (P) amounts to 15% at 100 MPa. Ke. Tanaka observed an increase in the photodarkening on compression for a-As 2 S 3 , while it was not the case for a-Se [8] . The reason why the photodarkening was not detected in a-Se specimen could be attributed to its low T g , since his measurement was done only at RT which is close to T g . Fig. 7 shows the change of E g on the cooling-illuminating-annealing cycle at 0 MPa. When the cooling and annealing curves are extrapolated by dotted line as shown in the figure, they converge on 306 K which may correspond to the completely annealed state, that is, T g . There are three stages (I:100∼120 K, II:120∼220 K, III:220∼306 K) in recovery of the photodarkening. Of particular interest is the observation that the change in the photoinduced state is small in the temperature range between 120 ∼ 220 K. Fig. 8 shows the change of E g on the cooling-illuminating-annealing cycle at 0 and 100 MPa. Dotted and solid curves indicate the variation of E g at pressure of 0 and 100 MPa, respectively. A broken curve shows the recovering behavior for the specimen which is depressurized after illumination at 100 K and 100 MPa. As seen in the figure, E g at RT is reduced by compression (0 → 0 ). It increases linearly on cooling. The cooling curve for E g at 100 MPa (0 → 1 ) is in parallel to that at 0 MPa (0 → 1) and shifts lower by 13 meV in the temperature range down to 100 K. The magnitude of the red shift (1 → 2 ) at 100 MPa induced by band gap illumination is 95 meV and larger by 13 meV than that at 0 MPa (1 → 2), which implies that the photodarkening is enhanced when the specimen is subjected under pressure. The recovery of E g on annealing for the photodarkened specimen at 100 MPa (2 → 3 ) takes place in a parallel fashion to E g curve at 0 MPa (2 → 3). The extrapolation of the cooling (0 → 1 ) and annealing (2 → 3 ) curves to higher temperature seems to join together at high temperature corresponding to T g at 100 MPa, where the specimen is recovered completely. The estimated T g in such a way is 340 K at 100 MPa which is higher by 34 K than at 0 MPa. When pressure is released to 0 MPa keeping at 100 K (2 → @), E g of the photodarkened specimen is decreased by 12 meV. This is equivalent to the change of E g (1 ↔ 1 ) by compression, which originates from the densitification of the specimen. Accordingly, a difference between the state 2 and the state @ is an intrinsic pressure enhancement of photodarkening. The cross curve (@ → 3) converges on the solid square curve (2 → 3). This indicates that the portion of the intrinsic pressure enhancement is relaxed rapidly and disappears around 220 K.
Thus it is evident that the photo-induced phenomena are considerably enhanced by application of pressure. Next we elucidate how the application of sound pressure influences upon the photo-induced phenomena. Figs. 9 and 10 show the sound velocity v and attenuation α of a-Se measured by SAW as a function of temperature. The open circles denote the data of v and α on cooling run in the dark condition. The velocity increases and the attenuation decreases with decreasing temperature in accordance with the results for bulk a-Se [16, 17] . It is known for the bulk sample that the attenuation has a prominent maximum near the glass transition temperature and a tiny peak near 30 K. The maximum near T g is associated with the changes in the viscoelastic properties [18] . The present measurements demonstrate that v is reduced by about 0.3% and an increase of α is induced by the illumination of band gap light at 90 K. It should be noticed that there are also three stages, I, II and III in the recovery process by annealing for α of the photodarkened specimen denoted by closed circles.
Discussion
The energy gap E g in chalcogen is the energy separation between the top of the valence band formed by LP orbitals and the bottom of the conduction band formed by σ* orbitals. Therefore, LP interactions play an important role in the structural and optical properties of the chalcogen. As seen in Fig. 5 , E g of a-Se decreases with pressure. A substantial decrease of the interchain distance on compression causes the increased repulsive interaction between the filled LP orbitals leading to the broadening of LP band, and somewhat a weakening of the covalent bonds through the hybridization between LP and σ* orbitals between the adjacent chains. As the result, the top of the valence band shifts upward and the bottom of the conduction band downward in energy leading to a decrease in E g . The estimated T g from Fig. 8 on the assumption that the reversible photodarkening is completely annealed out at T g is higher by 34 K at 100 MPa than that at 0 MPa. The rise of T g by application of pressure is also correlated with the increased interchain interactions on compression, which suppresses the relative flow of Se chain fragments and gives the interchain constraint leading to easy glass formation. As seen in Figs. 7 and 8 , E g of a-Se increases on cooling as a consequence of LP band narrowing due to the suppression of thermal vibration and somewhat σ* band narrowing through the decrease of the hybridization between neighboring LP and σ* orbitals. Such a trend of thermal excitation is confirmed by EXAFS results, which shows a substantial decreases in the mean square displacement σ 2 with decreasing temperatures [6] .
We will now discuss the photodarkening process and the recovery process with annealing. The photodarkening should be caused by the electron-lattice interaction in metastable disordered atomic structure. The photoinduced state is established as a dynamic equilibrium between the local bonding changes and the thermal relaxation process. This is confirmed from the evidence that the photoinduced absorption shift ∆E g decreases with increasing T i /T g , where T i denotes the illumination temperature [4] . Recently, Kolobov et al. [7] have proposed that the photodarkening in a-Se is closely related to the creation of valence alternation pair (VAP) defects (either neutral and hence ESR active, or charged and not detectable by ESR). The experimental evidence for the presence of VAP defects is the appearance of strong ESR signal for a-Se under illumination at low temperature and the ESR kinetics in the secondary illumination process. They found two different kinds of ESR signals for a-Se under photoexcitation at 20 K, which are identified as singly coordinated and triply coordinated neutral defects (C . The charged VAP defects recombine and the initial structure of the specimen is restored by annealing above RT. The changes in the atomic position by the creation of defects result in displacements of the neighboring atoms from their original positions. The lattice distortion around defects increases the interaction between the LP electrons causing the photodarkening.
Kolobov et al. estimated the concentration of charged VAP defects from the analysis of the ESR signal which grows at a much faster rate in the second illumination cycle. They suggested that the temperature dependence for the photodarkening in a-Se correlates well with those for the concentration of charged VAP defects.
As one can see in Fig. 8 an extra increase of the photodarkening is observed under pressure in addition to the contribution due to the densification of the specimen on compression. This enhancement of the photodarkening implies that the concentration of the photocreated neutral VAP defects increases under pressure. The weakening of covalent bonds through the increased interchain interaction by applying pressure may make easier to create C 0 1 defects and as the result higher concentration of VAP defects. The photodarkening induced at 100 MPa recovers by annealing in the similar way as at 0 MPa. There appear three stages in recovery process. One can clearly see that there are two characteristic temperatures 120 and 220 K at which the slope in annealing curves for the photodarkening changes at 100 MPa as well as 0 MPa.
In Fig. 11 we compare the recovery process of the photoinduced absorption shift ∆E g induced at 100 K for the specimens subjected under different pressures. The curves are normalized in such a way that ∆E g is zero at T g . The changes of ∆E g is small in stage I at lower temperature than 120 K, where the ratio T i /T g is below 0.4. This suggests that a photodarkened state is nearly frozen as the exposure temperature is low. In the temperature range between 120 and 220 K (stage II) faster recovery is observed. It is considered that the temperature variation of ∆E g reflects a dynamic equilibrium between photoinduced defect states and thermal relaxation. Accordingly, the recovery in the annealing is closely correlated with the presence of the defects which involve the lattice relaxation. We believe that the change from the annealing stage I to stage II is induced by the conversion of the neutral VAP (C In Fig. 11 the concentration of charged VAP taken from Ref. [7] is also plotted by closed circles. The data points are normalized in such a way that the first point (at 160 K and 0 MPa) for the temperature dependence of VAP's concentration is placed onto the curve for ∆E g dependence. A rough estimation from the data in Ref. [19] gives 2 × 10 19 cm −3 for the concentration of VAP at 160 K. Both temperature behaviors are in good agreement. It is confirmed that the photoinduced defects are responsible for the photodarkening, as was suggested by Kolobov et al.
The photodarkened chalcogenide glasses such as As 2 S 3 by bandgap illumination exhibit a macroscopic expansion around 0.5%, which is recovered by Fig. 11 . The difference of E g between the cooling and the annealing runs. Closed circles denote the concentration of the charged VAP [7] .
annealing [8] . In contrast, the volume change in SiO 2 glass is opposite [20] . It contracts upon irradiation. From detailed X-ray diffraction measurements for As 2 S 3 glass, Ke. Tanaka observed asymmetric broadening of the first sharp diffraction peak (FSDP) on the photodarkening [21] . He proposed that the photoexpansion is caused by the decrease of the medium range order (the increase in the structural randomness) accompanying the widening of the interlayer distance in some places to relax the photoinduced strain. Our results for v s of a-Se demonstrate that v s decreases by 0.3% for bandgap illumination at 90 K.
The sound velocity can be written as follows;
where ρ is the density and β a is the adiabatic compressibility. The photoexcitation of electrons from the occupied LP orbitals results in the weakening of the interchain repulsive LP interactions. This results in the increase of the structural disorder which is accompanied by the creation of VAP defects. Since the density fluctuation at the Q → 0 limit is inversely proportional to the square of v, the reduction of v suggests that the irradiation could introduce additional disorder, which is consistent with the EXAFS result [6] . The volume change on the photodarkening may be small in contrast with As 2 S 3 glass. It should be noticed that a drastic increase of the sound attenuation α is induced by the illumination. Some kind of the "two-level system" is often adopted to model the anomalous acoustic properties of amorphous materials at low temperatures [22] . As described in this section, the ESR measurements for a-Se [7] reveal that at low temperatures the neutral pair defects C 
Conclusion
The photodarkening phenomena of a-Se have been studied. The optical absorption coefficient was measured up to 100 MPa and down to 100 K. The sound velocity and attenuation were measured down to 90 K. By the light illumination at low temperatures E g shifts to lower energy side, and the photodarkening is enhanced under pressure. The sound velocity decreases and the sound attenuation increases by the illumination. The photodarkened a-Se returns to the initial state by annealing, and there are three stages in the recovery process by annealing for the photodarkened specimen. The recovery in the annealing is closely correlated with the VAP defects created by the illumination. It may be conceivable that a three-level system could be formed in the photo-irradiated aSe as a results of the equilibrium among the C pairs. The enhancement of the photodarkening under pressure implies that the concentration of the photocreated VAP defects increases.
